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so.  abstract  fCanUmia  an  rpraraa  aMa  II  naaaaaafp  anE  Umml,  Ap  SlatS  puaiSie 

Various  operational  trials  using  tolerance  criteria  available  in  the  literature 
revealed  that  predictions  of  physiological  exposure  limits  were  rarely  compat- 
ible with  the  observed  status  of  men  in  a wide  range^of  heat  stress  and  work 
conditions.  Computer  integration  of  laboratory  and  industrial-type  data  led  to 
establishing  a comprehensive  set  of  physiological  criteria  for  tolerance  limits 
appropriate  to.man  at  work  within  tlmexwelghted-mean  (t)  metabolic  rekee  from 
76-126  keal/(m^.hr)  188.4  - 146.5  V.m’'^J.  Theae  criteria  end  work  ratedswre 
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20.  (continued) 

range  of  82  - 130"F[27.8  - 54.4*C];  which  resulted  in  developing  the  Physio- 
logical Heat  Exposure  Limits  (PHEL)  concept.  Several  electronic  heat  stress 
monitor-devices  were  evaluated  and  employed  in  determining  environmental 
conditions.  In  all  laboratory  arj  field  studies  the  dry-  and  wet-bulb  and 
globe  temperatures  were  recorded.  Physiological  data  were  obtained  at  the 
same  time  as  the  environmental  data.  Although  the  physiological  data 
obtained  in  the  laboratory  were  much  more  broad  in  scope  than  in  the 
field  settings*  the  field  approach  Included  physical  characteristics  of  the 
subjects*  body  temperatures  (skin  and  rectal)*  cardiovascular  (heart  rates 
and  blood  pressures)  and  metabolic-respiratory  (O2  consumption*  respiratory  ' 
minute  volume  and  respiration  rates)  data  during  rest  and  performance  of 
dynamic  work;  sweat  rates  were  determined  by  body  weight  changes  vdten 
feasible  in  the  non-laboratory  trials.  Coefficients  for  physiological 
factors  in  the  heat  stress  and  strain  equations  were  automatically  adjusted 
for  physiological  changes  determined  in  the  actual  situations.  Comparison 
of  over  200  sets  of  environmental  and  physiological  data  supported  the  PHEL  . 
concept  and  permitted  more  definitive  identification  of  material  areas 
requiring  corrective  engineering  actions  in  the  industrial-type  settings. 
Corrective  engineering  actions  based  upon  results  of  the  data  analyses  have 
permitted  nearly  a sixfold  increase  of  the  maximum  physiological  exposure 
times;  simultaneously*  the  estimated  cardiovascular  reserve  increased  from 
15Z  to  as  much  as  8SZ  during  routine  work. 
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/ Abstract 

Mrious  <9oxatloaal  trials  using  tolerance  criteria  available  in  the  literature 
revealed  that  predictions  of  physiological  exposure  limits  were  rarely  compatible  with  the 
observed  status  of  nan  in  a wide  range  of  heat  stress  and  work  conditions.  Computer 
integration  of  laboratory  and  industrial-type  data  led  to  establishing  a comprehensive  set 
of  physiological  criteria  for  tolerance  Units  appropriate  to  nan  at  work  within  tine- 
wei^ted-nean  (til)  nataboliC  Tatea.fram  7a  - ha  fee  a _ 145.5  K.a-tl. 

criteria  and  worrvates  were  integrated  with  industrial-type  heat  stress  cMtSltiohs^er 
the  tMn  WCT  Index  range  of  «2  - 130*F  [27.8  - S4.4*C];^hlch  resultiid^  in  developing  the 
Physiological  Heat  Exposure  Units  (PHEL)  cmcept.  Several  electronic  heat  stress  nonitor- 
devices  were  evaluated  and  alloyed  in  deteraining  environnental  conditions.-.  In  all  lab- 
oratory and  field  studies  the  dry-  and  wet -bulb  and  globe  tei^atures  were  recorded. 
Pkgrsiologieal  data  were  obtained  at  the  sane  t^  as  the  environnental  da^  Although  the 
pl^tioidtical  data  obtained  in  the  laboratory  were  nueh  nore  broad  in  sce^  than  in  the 
field  settings,  the  field  approach  included  j^ysical  characteristics  of  the  subjects,  body 
temperatures  (skin  and  rectal),  cardiovascular  (heart  rates  and  Mool  pressures)  and 
netabolic-respirstory  ((li  consumption,  respiratory  nlaute  volinw^and  respiration  rates) 
data  during  rest  and  perfoznance  of  dynanic  work;  sweat  ratpa^ere  detemined  by  body 
weigh):  changes  when  feasible  in  the  non-laboratory  trial^  Coefficients  for  physiological 
factors  in  the  heat  stress  and  strain  equations  werp.  aufmtically  adjusted  for  physiolog- 
ical changes  detemined  in  the  actual  situations.  <oCMiparison  of  over  200  sets  of  environ- 
Bsatal  and  physiological  data  supported  the  PHEL  coicept  and  pemitted  more  definitive 
identification  of  nateriai  areas  requiring  corrective  engineering  actions  in  the  industrial- 
type  settings.  Corrective  engineering  actions  based  ipon  results  of  the  data  analyses  have 
penaitted  nearly  a sixfold  increase  of  the  aaxinun  physiological  exposure  tines;  simulta- 
neously, the  estteted  cardiovascular  reserve  increased  fron  15%  to  as  much  as  85%  during 
routine  work.  

Key  Words;  Heat  Stress.  Exposure  Units,  Thermal  Analysis 


Introduction 

Heat  stress  and  strain  have  a profound  ispact  upon  nan  and  industry.  Regardless  of 
the  specific  causes,  the  ianediato  consequences  of  unconpensated  heat  stress  upon  nan  are 
observed  as  a major  loss  of  man's  performance  efficiency  and  the  loss  of  work  productivity 
tine.  It  is  generally  known  that  excessive  heat  stress  exposures  lead  to  a progressive 
loss  of  performance  capability,  lowered  resistance  to  some  stresses,  and  low  retention  of 
personnel. 

Establishnmt  of  the  Occupational  Safety  and  Health  Act  of  1970  was  a significant 

* Comnander,  Nodical  Sorvico  Corps,  0.8.  Navy;  Hoad,  Heat  Stress  Division. 
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stioulus  for  the  civilian  corntninity  to  recogaixe  tho  need  for  nuch  greater  awareness  and 
Initiation  of  corrective  actions  relative  to  heat  stress  problens.  Lengthy  deliberations 
were  held  by  the  Steering  Cosmittee  for  the  Occupational  Safety  and  Health  Administration 
(OSHA).  Suaerous  testiaonies  were  given  and  a nuaber  of  drafts  of  a proposed  U.S.  Federal 
Heat  Exposure  Standard  were  submitted  to  OSHA.  The  Steering  Comaittee's  final 
dociasent  was  submitted  on  11  January  1974.  The  main  intent  of  the  proposed  Standard 
decuaent  was  to  provide  guidelines  as  to  when  sound  health  practices  should  be  introduced 
to  protect  workers.  In  the  final  document  it  was  clear  that  4uestions  regarding  heat 
tolerance  limits  remained  unanswered.  In  other  words,  the  proposed  Standard  was  to  serve 
as  a basis  whereby  industry  should  begto  to  institute  sound  health  practices  as  the  thermal 
enyironasnt  and  rate  of  work  began  to  iabose  strain  within  workers;  conversely,  the  document 
did  not  truly  address  tolerance  limits  where  exposures  and  work  rates  would  have  to  be 


teninated.  A mmfter  of  pitfalls  in  attempting  to  establish  a more  encompassing  heat  expo- 
sure standard  were  recently  presented,*  and  it  is  very  likely  that  many  of  the  limitations 
in  the  proposed  standard  have  had  a major  impact  upon  the  absence  of  a currently  OSHA. 
appreved  set  of  heat  exposure  guidelines  in  this  country. 

Progress  in  identifying  and  coabatting  the  adverse  effects  of  heat  stress  and  attempt- 
ing to  minimise  the  physiological  strain  in  men  have  been  extremely  varied  over  the  years. 

It  is  readily  ^parent  that  the  total  problem  is  far  more  complex  when  research  is  confront- 
ed with  the  real  world  of  multiple  coabinationa  of  physical  factors  in  the  environment  and 
the  physiological  capabilities  of  sfan,  whether  it  is  a civilian  or  military  situation.  The 
majority  of  prior  efforts  were  limited  to  studying  only  a few  variables  simultaneously.  The 
te^nology-of-the-day  did  not  permit  development  of  concise  solutions  to  involved  questions; 
the  scope  of  generally  used  pl^iological  variables  was  extremely  narrow;  and,  occasionally 
some  past  research  was  influenced  by  subjective  information.  E:9loitation  of  modem  tech- 
nolegy  has  increased  the  ability  to  integrate  numerous  research  findings  and  to  improve 
bilateral  cross-overs  between  laboratory  and  field  efforts.  It  was  through  the  use  of  the 
pcactical  state-of-the-art  technology  today  that  the  questions  regarding  heat  stress,  work 
ftsKtien  and  physiological  heat  niqposuce  limits  were  exasdned.  The  product,  in  terms  of 
what  can  be  assessed  objectively  at  this  tine,  has  been  the  demonstration  that  it  is 
feasible  to  dramatically  reduce  high  heat  stress  levels  and  obtain  a narked  improvement  in 
plqrsiological  perfomance. 


Utraielegical  Criteria  of  Heat  Tolerance  in  Han 


Studies  of  man's  capacity  to  endure  heat  stress,  or  heat  tolerance  as  used  herein, 
have  utilised  a wide  range  of  upper  limits  for  the  same  physiological  parameters.  The 
camvsntional  physiological  criteria  of  heat  tolerance  have  been  associated  with  a range  of 
heart  rate  (HR)  values .from  ISO  - >200  beats«ain~*,  rectal  temperature  (T,,)  from  38.0  - 
40.S*C,  and  sweat  rates  (SR)  to  3.S  liters'hr"*.****  Furthermore,  there  has  been  the  "too 
lace”  approach  of  allowing  exmures  to  continue  until  personnel  demonstrate  iamlnent 
cmllapse  or  an  overt  illness.'**^ 

It  has  been  shown  that  HR,  by  Itself,  is  a poor  predictor  of  cardiovascular  limits 
whan  dealing  with  various  fges  of  workers,  rates  of  work,  and  states  of  physical  condition- 
^ and  acclimatisation.** '*'**  On  a sound  physiological  basis  it  is  not  surprising  that  a 
NR  limit  cannot  be  well-defined  as  there  are  numerous  offsetting  cardiovascular  factors 

***  "o*  illttttrated  by  Mt  alone.**  la  oco^tional  situations  the  sole  use  of  HR  ns 


m may  be  altered  by  the  influonce  of  items  smdi  as  sedini  chloride.**  or  may  be.  misleading 
w cnparim  with  ether  thamges  within  the  cardievasealar  system.*****  Om  the  ether  hand, 
i»  •«*^t  to  variema  interpretations,  dependent  apem  the  rates  of  change,*****.** 

1 iateimal  body  teaperatures  are  such  that  in  transient  states  T-. 

is  the  lets,  relate  of  tte  iatemal  bo^  timpsratures  to  depict  the  more  meaaingfbl 

mea.*****.*i  ai»o,  the  use  of  SR  must  be  dene  with  caution  ks  there  is 
•*!•««  to  decrease  in  ceaparisom  with  high  SR's  found  early  in  the 
ITSdiS  cMwldTSStleS^^*^*'  '*  **’*  **•  Toiocoi  with  varying  amounts 


Driven  by  u basic  comnon  sense  question  regarding  what  are  tolerance  limits  to  heat 
stress  over  a variety  of  general  work  tasks,  and  an  urgent  need  for  a simplified  method 
which  employs  factors  essential  for  practical  engineering  actions,  a review  of  physiolog- 
ical data  from  over  160  experiments  resulted  in  Table  1 • Application  of  Table  1 required 
at  least  two  objectives  to  be  reached  in  order  to  define  physiological  heat  exposure 
limits  within  man;  the  moet  appropriate  for  laboratory  and  field  studies  are  indicated  by 
of  "t"  respectively. 


Table  1 


Improved  Physiological  Heat 

1.  At  Any  Tine  During  An  Exposure: 
Heart  Rate 
Rectal  Temp. 

* T>npealc  Temp. 

* Esophageal  Temp. 

Total  Vascular  Resistance 


3sure  Limits  Criteria 


Mental 

11.  During  Sustained  Physical  Work: 
Systolic  Blood  Pressure 

* Electrocardiogram 

Korotkoff  Sound  Intensity 
Ventilation  Equivalent 
Ratio  of  Oxygen  Removal 
Mental 

III.  Recovery: 

*t  Total  Vascular  Resistance 

* t Cardiovascular  Reserve 

Heart  Sound  Intensities 


Creatinine  Phosphokinase 


>180  beats •min'* 
2S9.0*C  or  5l.6*C*hr-‘ 
SS9.5*C  or  S:3.S*C*hr-‘ 
540.0*C  or  i4.4*C-hr-‘ 
■20%  of  Control  value 


Cardiovascular  Reserve*****  0% 


Disorientation 

^40  mm  Hg  decrease  within  3.S  nin.  interval 

R-wave  height  ■!  sm  of  7-wave  (using  Lead  I 
or  Transthoracic)  or  T-wave  Inversion 

>S-fold  increase  fron  Control  value 

■47%  increase  from  Control  value 

^53%  decrease  fron  Control  value 

Onset  of  euphoria  immediately  post-irritable 


<80%  of  Control  value  within  20  nin.  post- 
exposure 

<75%  within  20  minutes  post-exposure 

Sounds  1 and  II  remain  >3- fold  higher  than 
Control  even  though  Heart  Rate  back  to 
Control  level 

Blood  level  >1000  units  24-hours  post- 
exposure 


* Those  ineters  most  cennon  in  controlled  laboratory  oj^erinonts. 

t Those  feetors  nest  ssMon  in  field  experiments  where  monitoring  is  less 
extensive  then  In  leborstety  experiments. 
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Selection  of  a Simplified  Index  of  Environmental  Heat  Stress 


Earlier  experiments  in  high  temperature  situations  illustrated  the  difficulties  in 
using  available  heat  stress  indices  to  scale  short  to  long  exposure  times  for  men  perform- 
ing a range  of  routine  tasks  in  industrial-type  environments.  7,8.16-20.26  U 3 

Navy  Psychrometric  Chart  for  High  Teaperature  Habitability  Limits  (NAVSHIPS  4767)  had  a 
potential  of  application,  a series  of  experiments  were  conducted  to  examine  the  validity 
of  the  NAVSHIPS  Chart  for  exposures  from  15  minutes  to  6 hours.  Results  of  the  study 
clearly  Indicated  that  the  NAVSHIPS  Chart  was  able  to  provide  reasonable  agreement  with 
heat  tolerance  in  the  so-called  "d-hour"  and  "J-hour”  tones,  as  long  as  no  radiant  heat 
was  present  and  the  SMtabolic  rate  (Ml)  was  between  55  - 94  W*n-7.  However,  when  radiant 
heat  was  present  there  was  virtually  no  agreement  with  the  ’M-hour"  and  "3-hour"  zones, 
and  absolutely  no  agreement  with  any  time  zones  of  less  than  three  hours.  Careful  examin- 
ation of  the  original  Bureau  of  Ships  files  indicated  that  the  limits  for  less  than  three 
hours,  in  the  proposed  but  unissued  Chart,  were  based  upon  the  original  coefficients  of 
the  Belding  and  Hatch  Heat  Stress  Index  (HSI)*^  and  that  men  were  dressed  only  in  shorts, 
socks  and  shoes;  whereas,  the  "3-"  and  "4-hour"  zones  wore  very  wide  and  were  based  upon 
data  from  nan  noraally  clothed.  Obviously,  the  NAVSHIPS  4767  Psychrometric  Chart  for 
High  Temperature  Habitability  Limits  was  unsatisfactory  in  dealing  with  combinations  of 
radiant  heat  environments,  was  not  sufficiently  specific  even  in  the  absence  of  radiant 
heat  for  short  exposure  time,  required  a broader  range  of  MR  and  should  have  been  consis- 
tent with  men  wearing  normal  working  clothes  throughout  delineated  zones. 

The  HSl,  with  revised  Port  Knox  coefficients,  was  a likely  candidate  for  selection  as 
it  developed  the  rational  concepts  of  evaporation  required  to  maintain  heat  balance  (Ereo) 
and  maximum  evaporative  capacity  (^5)  in  order  to  obtain  the  HSI  (See  Appendix) . Un-^ 
fortunately,  even  the  new  nomograms  of  McKams  and  Brief*®  to  estimate  Eyeq.  E-utt  and  HSI 
are  much  more  complicated  than  a simplified  chart  for  lay  usage.  Furthermore,  using  the 
improved  coefficients  and  making  corrections  for  actual  skin  temperatures,  numerous  calcu- 
lations of  the  HSI  revealed  that  the  HSI  values  were  either  negative.  Implying  mild  cold 
stress  when  in  reality  there  was  high  heat  stress,  or  the  values  were  far  beyond  the 
upper  limit  of  100.  In  separating  out  the  factors  within  the  HSI  that  may  have  been 
subject  to  further  modifications,  it  was  determined  that  when  the  partial  vapor  pressure 
(P^  partial)  of  the  air  exceeded  the  corrected  vapor  pressure  at  the  skin  the  value  for 

became  negative;  in  other  words,  a negative  Emx  i"  high  heat  stress  denoted  that  at 
the  higher  P,,  partial  of  the  air,  water  would  condense  on  the  skin  of  man.  These  results 
also  meant  that  the  HSI  concept  was  limited,  in  its  current  scaling  terms,  to  environmental 
conditions  where  evaporative  cooling  (compensated  heat  stress)  was  present.  Rescaling  of 
the  HSI  was  considered  unwarranted  to  fit  environmental  conditions  of  uncompensated  heat 
•tvess  and  tolerance  times  of  less  than  8-hour  exposures.  (Data  relative  tq  these 
negative  and  greater  than  100  values  are  given  later  in  this  text.) 

Selection  of  the  Prescriptive  Zone  (PZ)*»*®  relative  to  physiological  heat  tolerance 
and  the  physiological  heat  exposure  limits  criteria,  as  given  in  Table  1,  was  not  appro- 
PJfi***-  By  definition,  the  W!  is  based  upon  95%  of  an  average  population  not  exceeding 
a body  temperature  of  S8.0*C.  The  PZ  concept  esq)hasizes  the  need  for  a nearly  steady  level 
of  equilibrium  in  a wide  range  of  climates.  Above  the  upper  limits  of  the  PZ  an  increase 
in  heat  stress  would  result  in  a disportionate  increase  in  cardiovascular  strain  unless 
Tpax  Increased  begroad  38.0*C.  *»  indicated  previously,**®.*®"****®'*®**®  heat  tolerance 
rarely  can  be  defined  by  internal  body  temperatures  as  low  as  S8.0*C;  tolerance 
***‘***  ■>***  he  judged  by  objective  criteria  which  truly  reflect  the  upper  points  ^wkich 
**^5  rather  than  the  points  of  departure  from  equilibrium.  Data  coaq>arlng  "1-hour" 

30-mlnute"  "heat  tolerance"  using  tne  versus  HSI  an^  other  indices  of  heat  stress 
are  discussed  later  in  this  text. 


tiologlol  Heat 


asure  Limits  (PHEL)  Chart 


• MCT,  - 1(0.1  ♦ (0.7  ♦ (0.2  T^l 

♦ ««•»  V* 

WCTe  - 1(0.1  ♦ (0.7  * (0-2  T^)! 
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Review  of  infomation  on  the  Net-Bulb  Globe  Temperature  (NBGT)  Index  indicated  that 
there  were  no  less  than  six  NBGT  equations  used  in  both  theoretical  and  practical  situa- 
tions. Furthermore,  reports  of  Yaglou  et.  al. ,*®  and  Yaglou  and  Minard,^*  did  not  specify 
which  NBGT  equation  must  be  applied  indoors.  Although  usage  of  WBGTg*  for  outdoors  .ind 
NBCTj,**  for  indoors  has  been  widely  referenced  back  to  these  reports,  there  was  informa- 
tion **'*5  that  NBGTc***  was  applicable  indoors  with  varying  radiant  heat  levels  and  was 
the  significant  form  of  NBGT  in  establishing  standard  criteria  for  heat  tolerance  limits. 
This  latter  approach  utilizes  the  integration  of  time-weighted-mean  (twm)  metabolic  rates 
(MR)  and  twm  NBGTc  with  scaling  for  physiological  heat  tolerance  limits,  as  given  in  Table 
1,  to  permit  practical  utilization  of  essential  environmental  factors  for  physiological 
tolerance  limits,  corrective  engineering  actions  and  routine  surveillance  of  work  areas  in 
industrial-type  situations. 


Curve  fitting  of  radiant  heat  research  data  obtained  by  the  Heat  Stress  Division, 

Naval  Medical  Research  Institute  (NMRI),  revealed  that  the  best  fit  curves  were  power 
regression  relationships  (r's  - -0.98S  and  -0.S9S)  between  t^  MR's  of  men  in  normal  work 
clothes,  tm  NBGTc  exposure  time  limits  when  the  physiological  heat  exposure  limits 
criteria  (Table  1)  were  met  but  not  exceeded.  On  an  initial  basis  there  were  two  twm  MR'* 
(88.B  and  111.7  H<n~2)  and  the  majority  of  the  70  sets  of  data  from  15  subjects  for  each 
t^B  Ml  were  within  the  t^gi  NBGT's  from  31.1  - 36.7*C.  At  approximately  the  same  time  Royal 
Navy  researchers®  combined  NBGT^****  with  a continuous  MR  of  about  170  N*n~^,  but  without 
the  presence  of  radiant  heat.  Results  of  confining  three  phases  of  the  Royal  Navy  effort 
included  a total  of  87  subjects,  440  sets  of  observations,  and  NBGT^  from  32.1  - 53.9*C. 
taplotting  the  Royal  Navy  data  revealed  that  again  the  best  fit  curve  was  described  by  a 
power  regression  (r  <•  -0.983).  One  major  difference  between  the  NMRI  research  and  that  of 
the  Royal  Navy  was  that  in  the  NMRI  studies  exposures  were  terminated  in  accordance  with 
the  criteria  associated  with  Table  1,  whereas,  the  Royal  Navy  researchers  terminated 
exposures  at  the  point  of  imminent  collapse  or  overt  illnesses.  Another  major  difference 
was  that  the  Royal  Navy  studies  were  based  upon  continuous  work  at  a much  higher  MR  than  in 
the  twa  nr  method  used  by  the  Heat  Stress  Division  of  NMRI.  The  Royal  Navy  goal  was  pre- 
dominately directed  to  problem  situations  where  emergency  work  would  have  to  be-  performed 
continuously  at  a very  high  rate  of  energy  expenditure.  The  goal  within  the  U.5.  Navy  was 
directed  to  a broader  spectrum  of  exposure  times  (up  to  six  hours)  with  tyn  MR  and  t^-To  NBGT 
values  representing  a more  normal  range  of  environmental  and  physical  work  conditions 
encountered  in  hot,  industrial-type  civilian  and  military  situations  alike.  Noise  levels 
in  both  the  NMRI  and  Royal  Navy  studies  were  maintained  at  90  dbA>  In  NMRI  trials  away  from 
the  laboratory  the  subjects  were  required  to  wear  standard  stock  hearing  protection  devices 
.when  the  noise  levels  exceeded  90  dbA. 

Research  was  continued  by  the  Heat  Stress  Division,  NMRI,  and  in  September  1971  the 
Navy  established  the  Physiological  l&cposure  Limits  (PEL)  Chart  for  use  in  high  temperature 
onvironments.  It  could  be  sal^  at  that  tine  that  the  PEL  Chart  permitted  determination  of 
the  maximum  jdiysiological  exposure  limits,  which  if  not  exceeded  would  permit  reversibility 
of  the  i^ysiological  strain  without  detectable  harm  provided  rest  was  allowed  in  a cool 
anvironment.  The  acronym  PEL  came  into  general  usage  within  the  Navy®^  until  identical 
acronyms  also  appeared.  In  1973  the  Environmental  Protective  Agency  initiated  a series  of 
Public  Exposure  Limits  (PEL)  covering  a broad  scope  of  circumstances  which  did  not  include 
best  stress;  hirtSemore,  the  National  Institute  of  Occupational  Safety  and  Health  (NIOSH) 
piAlished  Pensiasible  Exposure  l^i^its  (PEL)  in  SeptoMber  1973.®  In  order  to  avoid  con-  ■ 
fusion  in  referrlngHTo  the  throe  identical  acronyms,  the  Navy,  in  November  1973,  ad<qpted 
the  more  appropriate  title  Physiological  Heat  Exposure  Limits  (PHEL).®®  The  PHEL  Chart, 
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as  ot  1973,  consisted  of  the  previous  U.S.  Navy  PEL  curves  of  1971  with  an  additional  curve 
for  t^m  MR  (146.5  W-m"*)  and  extension  of  the  t,fl„  WBGT  range  to  S1.7*C  for  all  three  curves. 
Clearly  there  is  a difference  between  the  U.S.  Navy  PEL  or  PHEL  Charts  and  the  NIOSH  PEL 
concept;  it  must  be  recognized  that  heat  strain  will  be  readily  apparent  with  the  U.S.  Navy 
PEL  or  PHEL  when  physiological  heat  exposure  limits  are  reached,  but  the  strain  will  be 
reversible  if  the  limits  are  not  exceeded.  On  the  other  hand  the  NIOSH  PEL  was  designed  to 
restrict  deep  body  teiq>erature  rises  to  a maximum  of  38*C. 

Following  the  original  research  design  of  six  equal  iiicrenents  of  twm  MR  from  "76  - 126 
kcal/Cm^-hr}"  [now  in  equivalent  metric  units  of  88.4  > 146. S the  PHEL  Chart  devel- 

opment continued  by  obtaining  e]q>osure  limit  curves  for  100.0,  123.3  and  134.9  W*m~2.  The 
number  of  subjects,  nuriMr  of  observations  and  other  pertinent  information  regarding  each 
curve  are  summarized  in  Table  2 below,  with  equations  for  the  respective  PHEL  curves  given 
in  the  Stress/Strain  Evaluation  Program  (STEP-M2)  Abbreviated  in  the  Appendix.  As  indicated 
previously,  the  twm  range  was  31.1  - S1.7*C. 

Table  2 


Laboratory  Data ■ ' Field  Data 


(N.m-») 

No.  Subj 

. No.  Obser. 

No.  Subj . 

No.  Obser. 

Power  Reg. 
r 

88.4 

32 

147 

-0.997 

*(t  - 155.1063) 

18 

66 

*(t 

-0.995 
= 79.6997) 

100.0 

26 

132 

-0.998 

•(t  - 180.0070) 

16 

52 

*(t 

-0.994 
= 64.2589) 

111.7 

28 

137 

-0.997 

*(t  - 149.6623) 

18 

57 

*(t 

-0.992 
= 58.2778) 

123.3 

25 

128 

-0.997 

*(t  = 144.5875) 

15 

48 

*(t 

-0.993 
» 57.0198) 

134.9 

17 

67 

-0.987 

•(t  - 49.3516) 

7 

20 

*(t 

-0.978 
= 19.8907) 

146.5 

11 

46 

-0.989 

*(t  - 44.3516) 

5 

12 

*(t 

-0.975 
» 13.8756) 

* t statistics  from  correlation  coefficients,  using  Hewlett-Packard  HP-65 
transposed  for  Hewlett-Packard  HP-67/97;  df  > nobser.  ~ ^ values 

at  p<  0.0001.  Ages  of  subjects  from  19  - 43  years;  all  subjects  health 

STAT  2-16A 

significant 

classified 

as  "fit  for  duty"  and  each  subject  experienced  in  work  tasks  performed  at  the 
*wm  **’*• 


Utilization  of  all  of  the  data  resulted  in  the  equation  RHELj-^^^f^^  given  in  the 
i^pendix  (STEP-M2  Section)  for  twm  MR's  88.4  - 146.5  K*m-*  and  t^j,  KBGT's  31.1  - 51.7*C. 
Comparing  fHEL,p»ific  oxposure  times  with  the  "Safe  Exposure  Times"  given  by  Bell  et.  al.^ 
indicated  that  the  u^er  and  lower  99%  confidence  limits  of  FHELspecific  safe  for 
>95%  of  the  population  of  subjects;  for  >99%  of  the  population  the  lower  99%  confidence 
limits  from  FHELMwcific  safe,  but  the  upper  99%  confidence  limits  exceeded  the 
classification  or  "safe". 

Figure  1 is  the  FHEL  Chart  as  developed  for  operational  usage  and  released  in  the 
revision  of  Chapter  3 (Ventilation  and  Thermal  Stress  Ashore  and  Afloat)  of  the  Manual  of 
Naval  Preventive  Medicine.*^  However,  for  practical,  sitmtlons  which  do  not  need  all  six  • 
of  the  PHEL  curves,  an  abbreviated  PHEL  Chart  was  issued**  which  contains  only  PHEL  curves 
1 ("A"),  111  ("B")  and  VI  (**00:  the  abbreviated  PHEL  Chart  is  also  given  in  the  Manual  of 
Naval  Preventive  Medicine.*^ 
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Statistical  comparison  of  adjacent  PHEL  curves  I - IV,  within  the  t^^  h'BGT  range  of 
35  - 4S*C,  are  presented  in  Table  3.  Paired  data  from  field  trials  show  that  the  adjacent 
PHEL  curves,  based  upon  the  physiological  heat  tolerance  criteria  from  Table  1,  are  signif- 
icantly different. 

Table  3 

Comparison  Of  Adjacent  PHEL  Curves 


Statistics 

I vs.  II 

11  vs.  Ill 

III 

vs.  IV 

Paired  t 

10.0489 

7.9242 

6. 

4916 

df 

33 

18 

19 

P 

<0.0001 

<0.0001 

< 0. 

0001 

The  series  of  intenittent  work-rest  cycles  in  Table  4 deoenstrate  the  utility  of  the 
PHEL  Chart  within  the  steady  state  oxygen  consumption  versus  physical  activity  descriptions 
given  in  the  ASHRAE  Handbook  of  Fundamentals.^^  In  contrast  with  the  intermittent  work- 
rest  limits  suggested  by  Esso  Research  $ Engineering  Co.,'*°  a limited  number  of  calcula- 
tions using  PHELspecific  fox'  light  and  moderate  work  showed  that  the  large  percent 
differences  between  the  Esso  approach  and  PHEL  are  related  to  the  more  conservative  physio- 
logical limits  criteria  used  by  Esso  compared  to  the  criteria  Halts  In  Table  1 of  this  text 

Table  4 

PHEL  Curves  For  Intermittent  Work- 

•Rest  • 

Physical  Activity  •• 

Work 

O2  Consump. 
(L*min‘*) 

No.  Minutes  Work/So. 

Minutes  Rest 

10/50  20/40 

30/30 

40/20 

50/10 

Standing 

O.SO 

— 

— 

— 

I 

Average  Light  Work 

0.75 

I 

II 

Ill 

IV 

Upper  Light  to 

Lower  Moderate  Work 

1.00 

II 

IV 

VI 

... 

Average  Moderate  (fork 

1.25 

I HI 

VI 

— 

— 

Upper  Moderate  to 

Lower  Heavy  Work 

l.SO 

II  V 

... 

... 

... 

Average  Heavy  Work 

1.75 

11  VI 

... 

... 

... 

Upper  Heavy  to  Lower 
Very  Heavy  Work 

2.00 

III 

... 

... 

... 

Average  Very  Heavy  Work 

2.25 

IV 

... 

... 

... 

Upper  Very  Heavy  Work 

2.50 

IV 

— 

— 

— 

* Use  of  this  approach  involves  the  selection  of  the  closest  PHEL  curve  representing 
the  t^B  Ml  appropriate  to  the  work-rest  cycle  at  the  specified  level  of  physical 
activity.  An  alternate  approach  is  to  use  PHELjp^cific  ^ given  in  STEP-M2  of  the 
Appendix. 

**  As  indicated  in  Table  5 of  ASHRAE  Handbook  of  Fundamentals.^^ 
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Another  important  set  of  comparisons  with  the  PHEL  concept  is  given  in  Table  5.  As 
WBGT  increased  8-11  percent  and  MR  remained  the  same  it  was  expected  that  heat 
tolerance  times  would  decrease  and  cardiovascular  strain  would  increase,  or  cardiovascular 
reserve  would  decrease.  In  Table  5,  due  to  changing  the  environmental  temperatures,  WBGT 
increased  within  each  set  of  physical  activities,  the  PHEL  decreased  and  estimated  cardio- 
vascular reserve*®***  (CVR)  decreased;  therefore,  the  stress  increased  and  the  strain  also 
increased.  However,  the  work  of  Nishi  and  Gagge***  to  predict  both  comfort  and  heat  toler- 
ance through  use  of  the  PZ  does  not  agree  with  the  above  expectations.  Although  a deep 
body  temperature  rise  limit  of  38.0*C  for  the  PZ  may  be  practical  for  instituting  sound 
health  practices  of  a preventive  nature  ^uch  as  providing  drinking  water,  etc.),  as  environ- 
mental temperatures  increase  (like  that  in  the  proposed  OSHA  Heat  Standard),  the  limit  of 
S8.0*C  again  does  not  define  heat  tolerance  limits  of  nan.  Furthermore,  as  previously 
noted  relative  to  the  HSI,  a negative  HSI  does  not  necessarily  mean  the  presence  of  "mild 
cold  stress". 


Table  S 

"1-Hr.  Heat  Tolerance"  Using  Prescriptive  Zone  * 


Other  Comparisons 


Activity 

Tdb  » Tg 

(•c) 

Twb 

CC) 

**w  partial 
(Torr) 

RH**» 

(%) 

HSI 

WBGT 

(•c) 

PHEL 

(hr:nin) 

CVR 

(%) 

Sedentary 

.35.4 

35.4 

43.1 

100 

-32.1 

35.4 

5:10 

56 

(58.2  W.ffl'*) 

42.2 

34.8 

37.9 

61 

137.9 

37.0 

4:00 

52 

47.8 

34.3 

33.7 

41 

75.9 

38.4 

3:20 

48 

Light  Work 

34.3 

34.3 

40.5 

100 

-57.3 

34.3 

2:50 

45 

(116.3  K-m-*) 

41.7 

33.8 

35.4 

59 

82.8 

36.2 

2:05 

40 

46.9 

33.3 

31.4 

40 

62.3 

37.4 

1:40 

37 

Medium  Work 

34.1 

34.1 

40.1 

100 

-85.7 

34.1 

0:10 

32 

(174.5  W-m-*) 

41.7 

33.8 

35.4 

59 

88.7 

36.2 

0:05 

26 

47.2 

33.4 

31.5 

39 

66.5 

37.6 

0:05 

22 

"30-Min.  Heat  Tolerance"  Using  Prescriptive  Zone  • 


Medium  Wirk 

34.9 

34.9 

41.9 

100 

-55.8 

34.9 

0:10 

30 

(174.5  W-m-*) 

42.2 

34.8 

37.9 

61 

157.9 

37.0 

0:05 

24 

48.3 

34.6 

34.2 

40 

89.0 

38.7 

0:05 

19 

* Adapted  from  Nishi  and  Gagge.*** 

**  Using  STEP-M2  Abbreviated  (See  Appendix),  with  PHEL's  rounded  to  the  nearest  5 mins. 

•**  Relative  humidity,  as  obtained  from  STEP-M2  Abbreviated. 

Note:  There  are  considerable  differences  within  the  literature  as  to  definitions  of 
physical  activity  relative  to  MR,  therefore,  the  MR's  given  in  this  table  are 
those  appropriate  to  uses  by  Nishi  and  Gagge.***  PHEL's  of  very  short  lengths  of 
tine  are  comparable  with  Bell  et.  al.*  in  the  sense  that  the  PHEL's  would  be  "safe" 
for  99%  of  the  population  of  unacclimatized,  fit  exposees. 
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Initial  Field  Surveys  and  Developinent  of  Analyses  and  Corrective  Programs 

A series  of  15  special  field  surveys  were  conducted  in  industrial -type  environments. 

The  operational  objectives  of  the  surveys  were  to  determine  the  range  of  thermal  conditions 
to  which  workers  were  exposed,  the  magnitude  of  physiological  strain  during  routine  work  in 
these  environments,  and  to  attempt  to  identify  primary  problem  areas  where  corrective 
engineering  actions  could  most  significantly  minimize  high  levels  of  heat  stress.  In 
order  to  permit  comprehensive  and  more  expeditious  monitoring  of  the  environment  and  physio- 
logical parameters  a number  of  techniques,  developed  originally  for  laboratory  research, 
were  introduced  into  the  field  surveys.  Critical  data  from  the  15  initial  surveys  are 
suanarized  in  Table  6. 

Table  6 


Environmental  Factors : ' 

Average  Range 

Maximum  Range 

Dry-bulb  Tei^.  ("C) 

46.7  - 5S.0 

65.6  - 73.9 

Net -bulb  Te^>.  (*C) 

29.4  - 33.9 

40.6  - 73.9 

Globe  Temp.  (*C) 

63.3  - 67.2 

68.3  - 82.2 

Effective  Air  Movement  Over  Men  (m/sec) 

0.10  - 1.78 

1.78  - 7.62 

Mean  Radiant  Temp.  (*C] 

7S.6  - 85.0 

87.2  - 106.7 

Partial  Vapor  Pressure  In  Air  (Torr) 

17.6  - 53.9 

11.9  - 82.0 

Relative  Humidity  (%) 

14.9  - 68.9 

6.2  - 100.0 

Physiological  Factors: 

* 

Mean  Skin  Temp,  of  Men  (*C) 

38.8  - 41.6 

41.9  - 45.4 

Rectal  Temp.  (*C} 

38.6  - 39.3 

39.4  - 40.2 

Heart  Rates  (beats •min"*) 

147  - 176 

180  - 190 

As  has  been  presented  in  this  text,  there  are  many  combinations  of  environmental  and 
physiological  factors  which  can  be  used  to  obtain  practical  estimates  of  environmental 
stress  and  to  predict  the  impact  of  heat  stress  upon  and  within  man.  Fortunately,  the 
computer  programs  SPEEDARO-I  and  -Tl*  have  been  in  large  scale  usage**^  to  integrate  heat 
stress  and  strain  data.  These  programs,  designed  for  bulk  data  processing  in  a Univac 
1108  at  the  National  Bureau  of  Standards,  were  reviewed  and  markedly  condensed  to  provide 
the  most  significant  20  outputs  for  these  special  field  surveys.  The  resultant  SHIP-6/4 
program,  requiring  only  7 inputs,  was  modified  for  operation  in  a Hewlett-Packard  HP-65 
Programmable  Pocket  Calculator. '•*  SHIP-6/4  was  gradually  improved  as  there  were  needs  for 
more  descriptive  information  as  the  surveys  proceeded.  The  most  important  change,  prior 
to  designing  the  third  generation  program  STEP**,  was  to  develop  the  equations  for 
estimating  mean  skin  temperature  (Tjh)  and  rectal  teRq>erature  (Tye)  from  215  sets  of  data 
(See  Table  A-1  of  the  Appendix);  in  turn,  the  estimated  Tgj^  was  used  as  a means  of  better 
correcting  radiant  (R)  and  convective  (C)  heat  transfer,  Ereq»  Emax  and  HSI.  Furthermore, 
cardiovascular  factors  monitored  in  both  laboratory  and  fiela  studies,  within  the  heat 
stress  ranges  noted  in  Table  6,  were  selected  for  their  value  in  STEP  programs.  The 
techniques  for  monitoring  the  cardiovascular  factors,  steps  to  carry  out  the  necessary 
calculations,  and  meaning  of  the  products  have  been  presented  elsewhere-**'**  The 
pertinent  aspects  relative  to  1,^,  MR's  from  SO.O  - 146. S K'm"  and  t^  NBGT's  from  19.8  - 
49.7*C  are  presented  in  the  Appendix  (Tables  A-2  - A-S  and  STEP-M2).  Therefore,  in  the 


* Unique  computer  programs  within  the  Heat  Stress  Division,  NMRI. 

**  STEP  is  the  master  program  used  to  develop  STEP-M2  Abbreviated  as  given  in  the  Appendix. 


filial  development  of  the  STEP  series  of  programs,  for  the  most  advanced,  programnablr, 
self-contained,  portable  calculator*,  the  cardiovascular  factors  were  incorporated  with 
heat  stress  analysis  equations  such  that  one  could  easily  obtain  practical  estimates  of 
environmental  heat  stress  and  resultant  physiological  strain.  To  assist  the  many  requests 
for  the  now  obsolete  SHIP-6/4  program  written  for  the  HP-6S,  and  the  increasing  number  of 
requests  for  STEP-M2  Abbreviated,  the  HP-97  program  is  given  in  the  Appendix  for  STEP-M2 
Abbreviated.  STEP-E2  Is  the  same  as  STEP-M2,  but  STEP-E2  is  written  for  mixed  English  and 
metric  inputs  and  outputs.  Another  advantage  of  the  STEP  programs  is  the  section  which 
permits  calculation  of  maximum  allowable  exposures  (MAE)  for  noise  levels  without  hearing 
protection;  as  noise  levels  were  monitored  in  all  heat  stress  surveys,  this  portion  of  the 
STEP  programs  became  very  important. 

Key  to  analysis  of  heat  stress  data  from  surveys  is  the  quality  of  the  heat  stress 
data  obtained  from  the  Industrial -type. environments.  Therefore,  two  series  of  evaluations 
were  conducted  to  find  a simple,  light  weight,  fast  response,  small  electronic  device  which 
measures  and  displays  values  for  Tdb,  Twi>,  Tg  and  air  velocity  within  desired  accuracies 
while  exposed  to  dynamic  heat  stress  conditions. Over  the  range  of  temperatures  to  be 
encountered  and  the  types  of  hard  usage  and  shipping  constraint^  there  were  five  such 
devices**  evaluated  in  changing  environmental  situations,  as  viewed  by  the  devices.  In 
reality,  there  were  fixed  environments  of  different  Tjj>,  T,,i,,  Tg  and  air  movements  which 
the  electronic  monitoring  devices  were  moved  into  and  out  of  for' 30  minutes  or  more.  From 
the  standpoint  of  Tj|,  and  T^i,  sensors  absorbing  radiant  heat,  the  Bendix  units  were  the 
most  influenced  and  the  Reuter-Stokes  units  were  the  least  influenced  by  the  radiant  heat . 
From  the  standpoint  of  fastest  Tg  response,  the  Reuter-Stokes  devices  were  the  most  com- 
parable (within  leas  than  three  minutes)  with  the  values  obtained  from  a Vernon  globe  that 
had  been  in  position  for  30  minutes  or  more.  The  electronic  device  which  best  met  the 
, defined  performance  needs'*^  was  the  Reuter-Stokes  digital  display  unit  that  had  been 

I built  as  part  of  a six  sensing  head  monitor  system. 

A composite  of  the  environmental  and  physiological  findings  from  the  special  heat 
stress  surveys  was  assembled  and  subjected  to  critical  review  at  various  levels  of  policy, 
research  and  development,  and  operational  supervision.  This  led  to  the  formulation  of  a 
high  temperature/heat  stress  correction  program  which  was  divided  into  seven  major  cate- 
gories; maintenance,  medical,  design,  development,  education/training,  emergency  ventil- 
ation problems,  and  related  topics.  Each  of  the  categories  had  a number  of  sub-elements 
to  accomplish  the  objectives  of  the  categories.  The  most  decisive  phase  of  the  total 
program  was  to  determine  if  a routine  engineering  overhaul  was  sufficient  to  minimize  the 
heat  stress  and  strain  or  if  additional  corrective  engineering  actions  were  required. 

Three  separate  industrial-type  settings  were  used  to  compare  the  impact  of  routine 
, overhauls  and  the  additional  corrective  engineering  actions.  Settings  No.  1 and  No.  2 were 

alike  in  terms  of  layout  of  machinery,  types  of  machinery  and  operational  status.  Setting 
f No.  3 was  documented  to  be  the  highest  heat  stress  industrial-type  setting  found  during  the 

* special  heat  stress  surveys.  ^A  general  comparison  of  what  was  to  be  done  is  given  in 

f Table  7.  The  emphasis  of  the  additional  corrective  engineering  actions  was  to  ensure  that 

' steam  leaks  were  reduced  as  much  as  possible,  that  the  majority  of  heat  radiating  surfaces 

! were  sufficiently  insulated,  and  that  there  was  a more  effective  delivery  of  ventilating 

I air  to  work  sites  and  improved  exhaust  of  air  from  the  areas.  These  actions  were  under- 

‘ taken  to  produce  a coadiined  affect  of  Increasing  the  economy  and  performance  of  both  the 

{ workers  and  the  equipment.  Followup  evaluations,  after  returning  the  Settings  to  full 

* Hewlett-Packard  HP-97:  for  HP-67  operations  delete  SPC  steps  and  it  is  recommended  that 
R/S  steps  be  substituted  for  PRTX  steps. 

•*  Light  Laboratories  Min-Ub  5 (England),  with  anemometer;  Bendix  WBGT  Meter  (manufac- 
tured 1972),  finely  adjusted  prototype  with  anemometer:  Bendix  NBGT  Meter  (manufactured 
1975),  pre-production  unit  without  anemometer:  Reuter-Stokes  RSS-211  Analog  Readout, 
commercial  grade  without  anemometer:  and  Reuter-Stokes  RSS-211  Special  Digital  Readout 
unit  [also  known  as  the  NMR60  MK-I/S(LE0)) . a linearized  unit  with  anemometer. 
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operation,  were  scheduled  at  approximately  six  month  intervals  for  no  less  than  one  year. 

Table  7 


Industrial 
Setting  No. 


Basic  Approach 


1 To  receive  a routine  overhaul  and  completion  of 
previously  scheduled  alterations. 

2 To  receive  a routine  overhaul,  completion  of  the 
saoie  previously  scheduled  alterations  as  Setting 
No.  1,  and  accomplishment  of  additional  corrective 
engineering  actions.  (Setting  No.  2 was  used  for 
the  most  direct  comparison  with  Setting  No.  1) 

3 To  receive  a routine  overhaul,  completion  of 
previously  scheduled  alterations,  and  accomplishment 
of  additional  corrective  engineering  actions. 

(Setting  No.  3 was  to  serve  as  a means  of  evaluating 
the  benefits  of  the  additional  engineering  actions 
in  what  had  been  the  highest  heat  stress  setting 
found  during  the  special  heat  stress  surveys.) 

Present  Results  of  Engineering  Actions  to  Minimite  High  Heat  Stress 

Comparative  environmental  and  physiological  data  from  followup  evaluations  for  the 
corrective  action  program  in  industrial-type  Settings  No.  1 • No.  3 have  revealed  signif- 
icant reductions  of  high  heat  stress  and  physiological  strain  through  a comprehensive 
approach  to  the  total  problem,  rather  than  pursuing  routine  overhauls  in  anticipation  that 
the  overhauls  alone  will  significantly  minimize  heat  stress.  Table  8 clearly  shows  that  it 
was  possible  to  decrease  the  level  of  heat  stress,  even  in  the  worst  thermal  stress  situ- 
ation reported  here,  to  the  point  where  routine  maintenance  could  be  conducted  much  more 
efficiently  and  a small  reduction  of  heat  stress  continued  over  a one  year  time  after 
restoring  the  Setting  back  into  operation. 

Table  8 


Averaged  Data  from  14  Sites  in  Setting  No.  3 

Environmental  Factors  Pre-Corrective  Post-Corrective  Actions 
and  PHCL's  Actions  6 Months  12  Months 


Tdb  CC) 

53.9 

37.1 

39.6 

Twb  CC) 

33.5 

26.8 

27.0 

Tg  CC) 

71.5 

43.9 

41.2 

Effective  Air  Velocity 

1.15 

1.27 

1.27 

Over  Norkers  (m/sec) 

* CC) 

102.5 

53.9 

43.3 

^w  partial  (Torr) 

29.7 

21.6 

20.7 

tw.  WBCT  CO 

43.2 

31.3 

31.2 

PHEL's  for  tM  MR'a: 

(hrs:mins) 

88.4  W*m“* 

1:20 

7:10 

7:10 

146.5  N*m'> 

0:20 

2:10 

2:10 

* Tj.  ■ Man  radiant  temperature. 
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Sununarlzed  results  of  PHEL  values,  body  temperatures  and  cardiovascular  factors  are 
presented  in  Table  9 for  all  three  industrial -type  settings.  This  information  clearly 
indicates  the  value  of  a comprehensive  approach  to  heat  stress  rather  than  expecting 
routine  engineering  overhauls  alone  to  combat  high  heat  stress. 

Table  9 

Averaged  Data  from  Settings  No.  1.  No.  2 ( Ho.  3 


Setting 

No. 


Corrective  Action 
Phase 


PHEL  (hrsimins) 
Normal  Maximum 


Cardiovascular  Factors 
HR  SP/DP  MAP  C 


30  Days  Post-Action 

8:00« 

6:00 

6 Mos.  Post-Action 

8:00  « 

6:00 

12  Mos.  Post -Action 

8:00  > 

3:40 

8 Mos.  Post -Action 

3:20 

1:00 

Pre-Action 

1:20 

0:20 

6 Mos.  Post-Action 

7:10 

2:10 

12  Mos.  Post -Action 

7:10 

2:10 

34.6  37.8 

34.8  37.5 

3S.0  37.6 

37.5  39.0 

44.9  39.8 

36.4  38.1 

34.8  37.5 


98  138/77 
98  137/76 
98  134/74 

128  207/51 

180  184/42 
107  165/75 
109  171/72 


95  84 
93  87 


* The  cardiovascular  factors  are  defined  and  in  the  following  units:  HR  = heart  rate 
(beats<min~^);  SP  ■ systolic  blood  pressure  (mm  Hg);  DP  > diastolic  blood  pressure  (mm 
Hg):  MAP  ■ estimated  mean  arterial  blood  pressure  (mm  Hg);  and,  CVR  « estimated  cardio- 
vascular reserve  (%). 

Hie  cardiovascular  responses  in  Setting  No.  1 were  such  during  the  first  one-third  of  the 
trials  that  compensation  was  approaching  its  maximum;  thereafter,  there  was  rapid 
decompensation  due  to  the  excessively  high  level  of  heat  stress  at  the  same  time  that 
workers  were  attempting  to  perform  their  normal  tasks.  As  discussed  earlier,  the  low  HR's 
were  not  descriptive  of  heat  tolerance  limits  being  reached  as  the  strain  was  shifted  to 
other  aspects  of  the  cardiovascular  system. 


Major  accoqilishments  have  been  achieved  during  the  past  few  years  in  the  control 
of  industrial  heat  stress.  It  is  highly  encouraging  to  note  that  through  the  strong 
stqiport  of  managament''*  and  the  capability  of  biMiadical  R(D  to  assist  both  management  and 
industrial-type  workers  that  significant  reductions  of  excessive  heat  stress  are  a reality 
today.  The  utilisation  of  researdi  technology  has  permitted  the  establishment  of  an 
objective  basis  to  dramatically  improve  highly  limiting  heat  stress  situations  which  have 
had  a profound,  adverse  iqiaet  upon  man  and  industry. 

Documentation  of  the  ranges  of  industrial  heat  stress  and  the  physiological  responses 
to  that  stress  was  thd  first  step  in  initiating  a direct  attack  upon  high  levels  of  heat 
atress.  Once  evidence  could  be  produced  to  show  the  problems  involved,  a series  of  phases 
were  formulated  whereby  the  goals  of  reduced  levels  of  heat  stress.  Increased  mrk 
fwnetloa  sad  availability  .of  ebiafldta-aagflmra  limits  vara  inttitntaA-tg..NuWe  . 
the  deeian  of  .better  wprJkteg.  envisoBmsnCs.  The  eatablisfamaat  of 
tompreheneive  pbyalelogickl  heat  axenaure  criteria  was  imoerative  in  order  to 


develop  true  exposure  Units.  As  exposure  limits  are  a function  of  the  intensity  of  the 
exposure,  length  of  time  in  the  specific  environment  and  the  rate  of  performing  work  under 
those  conditions,  it  was  possible  to  develop  the  PHEL  concept  and  exposure  limit  curves 
which  recognized  that  physiological  strain  would  be  present  but  also  would  be  reversible. 
Meanwhile,  a series  of  computer  programs  were  prepared  to  integrate  the  variables  of  heat 
stress  and  strain.  This  was  done  in  such  a manner  as  to  permit  practical  partitioning  of 
the  components  of  the  stress,  serve  as  a guide  in  making  recommendations  that  would  produce 
significant  changes  of  the  environment,  and  better  predict  alterations  of  limiting  physio- 
logical systems. 

The  benefits  of  the  program  to  date  have  been  illustrated  in  terms  of  a marked  reduc- 
tion of  physiological  strain  and  nearly  a sixfold  increase  of  maximum  exposure  times  for 
greater  productivity.  In  areas  where  corrective  engineering  actions  from  the  program  are 
not  yet  existent  or  are  not  completed,  the  PHEL  concept  and  associated  guidelines'^  have 
not  resulted  in  a detectable  increase  of  morbidity.  However,  it  is  very  likely  that  none 
of  the  operational  exposure  limiting  methods  today  can  be  safe  for  hll  workers,  even  though 
there  is  reasonable  assurance  that  the  PHEL  concept  is  safe  in  a practical  .sense  up  to  the 
limits  for  greater  than  9S  percent  of  the  fit  population  of  workers  within  the  range  of 
19  - 43  years  of  age.  Therefore,  in  support  of  Dinman  et.  al.,**^  a standard  for  heat  stress 
aaist  neither  be  overly  conservative  on  the  side  of  the  workers  nor  too  liberal  on  the  side 
of  management.  The  most  practical  approach  to  an  industrial-type  standard  for  heat  toler- 
ance limits  is  where  workers  perform  within  their  limits  as  shown  herein,  while  at  the  same 
time  a concerted  effort  is  made  to  minimize  the  intensity  of  the  environmental  stresses. 
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Table  A-  1 SuMMry  of  T Encountered  versus  T . Deterained  and  T Measured  * 

* SK  f 9 

Range  (’C)  N Encountered  (’C)  Detersined  (’C)  Measured  (’C) 


32.2  - 

37.7 

24 

37.8  • 

43.3 

44 

43.3  - 

48.8 

16 

48.9  - 

54.4 

22 

S4.5  - 

59.9 

20 

60.0  - 

65.5 

IS 

6S.6  - 

71.1 

22 

71.2  - 

76.6 

12 

76.7  - 

82.2 

12 

82..3  - 

•7.7 

15 

•7.8  . 

93.3 

11 

55.9  ± 0.37 

40.9  ± O.U 

45.7  ± 0.42 

51.3  t 0.2R 

57.3  ± 0.30 

63.3  ♦ 0.41 

68.0  ± 0.33 

74.1  1 0.47 

79.5  1 0.52 

84.4  t 0.43 

90.4  t 0.51 


33.4  t 0.13 

34.5  ± 0.14 

35.1  t 0.24 

35.8  t 0.13 

36.6  ± O.IS 

38.3  ± 0.36 

39.3  t 0.31 

39.7  ± 0.08 

40.6  ± 0.09 

41.4  ± 0.07 

42.5  t 0.08 


36.6  1 0.31 

37.5  1 0.04 

37.7  t 0.04 

38.0  i 0.07 

38.1  ± 0.09 

38.4  ± 0.03 

38.6  ± 0.03 

38.8  ± 0.02 

39.1  ± 0.03 

39.2  ± 0.02 

39.5  ± 0.02 


r¥' 


* Subjects  age  range  19  - 43  years.  Subjects  nomlly  clothed.  range  32.2  - 

93.3  *C.  NR  range  50.0  - 146.5  All  values  given  in  above  Table 

are  expressed  as  Mean  t Standard  Error  when  appropriate.  Total  N >>  213. 


lest  fit  estiaates  of  T and  T„.: 

9K  V9 


Estiaated  T^,^  (*C) 
• 28.857 


N - 213 
r > 0.953 
t - 45.4796 
p < 0.0001 


Estiaated  T^^  (*CJ 


• 27.366  ♦ (2.678  Ln  T^ 


N - 213 
r - 0.944 
t - 41.5976 
p < 0.0001 


t radiaat  tsaparsture.  ■ aeaa  skin  temperature.  T^  ■ rectal  teaperature. 
tiaa  wat^ad  aasn  aataballe  rata. 


Table  A- 2 


Appendix 

SunMry  of  Cardiovascular  Factors  versus  WBGT  at  t._  MR  SO.O 
' wm  wn 


Factors 


20.8  s 0.1 

(n  - 27) 


(ranse  19.8  - 22.2*C) 


21.4  ± 0.2 
(n  - 16) 


20.7  t 0.2 
(n  - 22) 


18.9  t 0.1 
(n  - 19) 


20.6  t 0.1 

(n  =■  15) 


Table  A-  3 


Factors 


Suaaary  of  Cardiovascular  Factors  versus  t^  WBGT  at  t^  MR  88.4 
' wn  wm 


t WBGT  (ran(o  23.8  - 39.5*C) 


26.4  ± 0.5 
(n  - 22) 


30.5  i 1.1 
(n  - 5) 


32.7  ± 1.4 
(n-  5) 


55.4  ± 1.0 
(n  - 8) 


37.8  ± 0.0 
(n  » 4) 


HR 

86.0  t 3.1 

106.0  t 1.9 

119.0  t 4.1 

105.6  ± 

1.6 

152.5  ± 3.2 

SP 

122.8  i 1.4 

138.0  i 4.0 

119.0  i 4.0 

121.9  ± 

3.2 

103.8  ± 1.3 

OP 

73.3  1 1.8 

82.8  ± 2.3 

82.4  t 2.4 

63.4  ± 

5.0 

34.8  ± 3.5 

NAP 

89.7  ± l.S 

101.2  ± 2.6 

94.6  ±2.9 

82.7  t 

4.0 

57.8  ± 2.6 

f CO  • 

S.6  t 0.2 

6.4  t 0.5 

6.3  ± 0.3 

8.3  ± 

0.5 

15.7  ± 0.8 

* TVR 

1288.4  1 35.6 

1277.9  i 56.9 

1216.3  ± 89.9 

829.5  ± 

83.1 

298.6  ± 0.8 

1 CVR 

88.1  t 3.5 

91.1  t 4.9 

69.2  ± 3.2 

32.8  ± 

5.8 

9.6  t 3.6 

Values  given  as  Naan  i Standard  Error,  • tine-welghted-naan.  HR  - heart  rate 
(beats'nin-^.  ST  - systolic  blood  pressure  (■■  Hi).  DP  > diastolic  blood  pressure 
(nu  Hg).  NAP  - swan  arterial  pressure  (no  Hg).  00  • - estimated  cardiac  output 
(liters«nin*>):  these  values  are  censervetlve  estinntes.  TVR  - estimated  total 
vascular  resistance  (dynes*sec*ca*'*).  CVI  • estlaeted  cardiovascular  reserve  (%). 
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Table  A-4  Suaanary  of  Cardiovascular  Factors  versus  t WBGT  at  111.7  W'ln'^ 

W13 


*wm  (range  20.7  - 49.7*C) 


Factors 

24.1  ± 
(n  - : 

O.S 

22) 

29.3  1 1.5 
(n  - 5) 

31.3  ± 0.0 
(n  • 4) 

30.7  i 
(n  = 

0.6 

11) 

44.9 
(n  ■ 

± 1.4 
» 12) 

HR 

S.>.5  i 

1.8 

112.4 

± 

2.7 

91.5  ± 

0.3 

99.8 

2.5 

145.3 

* 9.7 

SP 

126./ 

1.3 

146.2 

t 

1.9 

117.5  ± 

0.9 

119.2 

♦ 

3.8 

143.4 

± 8.5 

DP 

72.7  ± 

1.4 

78.4 

i 

2.7 

69.0  ± 

0.6 

59.6 

± 

4.0 

51.3 

* 3.2 

MAP 

90.4  ± 

1.1 

101.0 

± 

i.8 

85.0  ± 

O.S 

79.3 

± 

3.9 

82.0 

± 4.0 

CO  * 

6.1  ± 

0.2 

7.2 

t 

0.5 

6.5  t 

0.1 

7.6 

± 

0.3 

14.4 

* 1.4 

TVR 

1208.7  ± 

44.9 

1142.4 

t 

107.6 

1047.5  t 

16.4 

867.7 

± 

76.6 

505.1 

t 55.3 

CVR 

83.2  1 

3.3 

64.1 

± 

13.8 

63.7  ± 

1.4 

35.5 

± 

5.4 

15.3 

i 5.0 

Table  A- 5 

Sunaary  of  Cardiovascular  Factors  versus  t _ 

WTB 

WBGT  at  146.5  W»m- 

2 

Factors 

t HBGT 

mi 

(range  21.7 

- 37.3*0 

25.2  ± 0.4 
(n  • 31) 

29.5  1 0.6 
(n  - 19) 

31.6  ± 1.0 
(n  - 12) 

34.1  ± 0.8 
(n  - 12) 

36.4  ± 0.0 
(n  = 6) 

HR 

90.9  t 0.9 

115.1  i 3.3 

122.6  ± 6.4 

110.1  ± 1.9 

131.8 

± 3.2 

SP 

131.7  t 1.5 

147.7  i 3.0 

136.3  ±3.5 

129.6  ± 3.5 

116.8 

± 3.0 

DP 

79.1  i 0.7 

67.0  ± 1.7 

70.3  ± 3.9 

64.1  ± 3.8 

27.5 

± 1.1 

MAP 

96.3  t 0.7 

93.9  ± 1.7 

92.2  ± 1.'9 

85.9  ± 3.4 

57.3 

± 0.4 

CO  • 

S.l  i 0.1 

9.6  ± 0.4 

8.1  ± 0.7 

7.8  ± 0.4 

14.7 

1 0.3 

TVR 

1S34.4  t 28.7 

807.9  i 38.5 

971.4  t 71.8 

923.0  ± 89.5 

313.5 

± 8.5 

CVR 

78.1  ± 2.1 

43.9  t 3.4 

43.4  ± S.5 

38.6  ± 6.0 

1.1 

± 0.8 

Values  given  as  Mean  * Standard  Error,  ■ tliae-weighted-nean.  HR  ■ heart  rate 
(beatS'Bin**).  SF  • systolic  blood  pressure  (■■  Hg).  DP  • diastolic  blood  pressure 
(m  Hg).  MAP  - aean  arterial  pressure  (aai  Mg).  00  * - estiaated  cardiac  output 
(literS'Bin**);  these  values  are  conservative  estlaates.  TVE  ■ estiaated  total 
vascular  resistance  (dynes • sec 'ca**).  CVR  - estiaated  cardiovascular  reserve  (%). 
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Thermal  Analysis  Metric  Equations  For  Appendix 

Stress/Strain  Evaluation  Program  (STEP-M2)  Abbreviated 

Saturated  Vapor  Pressures: 

P.  _ <■  [Antilog  (2.339  - X*Y)]-P 
s • I 

where:  f ■ saturated  vapor  pressure  at  or  ■ (Torr) 

X - tA^(l-i7»10-»)1  ♦ [A  (5.868-10-»l  ♦ 3.2441 

1 ♦ [A  (2.188-10-*)] 

A - 647.27  - ((T^jj  or  ♦ 275. IS] 

Y - 

^^db  ^wb>  * 273.15 

‘‘^db  ■ dry-bulb  temperature  (*C) 

Tub  > wet-bulb  temperature  (aspirated)  (*C) 

P ■ barometric  pressure  (Torr) 

Solve  using  T..  for  P ; and.  T . for  P 

“'^db  **\b 


Partial  Vapor  Pressure; 

P*  • \t  ^ P)(Tab  - \b>l  • * CT  - T^^)  1.5  10-*]] 

WO 

where:  P^  partial  ■ (Torr) 


Relative  Humidity; 

RH  - (P^  partial  / P.  _ ) - 100  - (%) 
**  ••Tjb 


Mean  Radiant  Temperature; 

T,  - l(T^  ♦ 273.15)'*  ♦ ((0.247-10*  V«-5)(T^  - T^))]®'**  - 273.15 
where:  ■ mean  radiant  temperature  (*C) 

■ globe  temperature  (*C) 

V ■ air  velocity  (m/sec) 


Terms,  where  appropriate,  are  consistent  with  the  latemational  Union  of  Physiological 
Sciences.  (Glossary  of  Terms  for  Thermal  Physiology,  JAP  6(35} :941-961,  1973) 

Once  a syMbol  is  defined  herein  the  repeat  of  the  symbol  is  not  redefined. 
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Appendix 


Estimated  Skin  Temperature: 

. 28.857  T 


r - CO 


where;  Estimated  is  applicable  to  nomally  clothed  nan  within  the 
ranges  of  32.2  - 93.3  "C  and  time-weighted-mean  metabolic 
rate  50.0  - 146.54  K-m*^.  (N  - 213,  r 0.953,  t " 45.4796,  p<0.0001) 

Estimated  Rectal  Temperature; 

T - 27.37  ♦ (2.68  Ln  T ) - (‘O 

*9  T 

wharm:  Estimated  T is  applicable  to  nomally  clothed  man  within  the 
xc 

ranges  of  32.2  - 93.3  *C  and  time-weighted-mean  metabolic 

rate  SO.O  - 146.54  W*m“*.  (N  =>  213,  r « 0.944,  t « 41.5976,  p<0.0001) 


Radiant  Heat  Exchange; 

[13.130  (T^  - T,^)l 


0.7  » K-m'*  (reduced  30%  due  to  clothing) 


where:  m*  - DuBois  surface  area  from  Cl.EdOO***  Ht®'^*®  • »|0*'*25), 
where  Height  in  cm.  and  Height  in  kg. 


Convective  Heat  Exchange; 

[13.456  V»-5®  (T^j^  - Tj^)] 


0.7  “ H*m'*  (reduced  30%  due  to  clothing) 


Evaporatloa  Required  For  Heat  Balance; 

E wt  NR«R*C>  N*n~2  (using  R and  C as  reduced  above) 
x#<|  wn 

where:  t ■ time-weighted-mean 

Mi 

As  in  the  case  of  t Metabolic  Rate  the  following  applies 


MR 


[(ti  • MR|)  ♦ (tj  • MRg)  ♦ * C*n  * 

ti  * tj  ♦ ....  ♦ tjj 

where:  t|  is  the  first  time  interval  and  HRj 

is  the  metabolic  rate  for  the  respective 
time  interval,  etc. 
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Mnx ir.ii!:i  tvaporativc  Capacity: 

[25.15  V®-^®  IK'^'sk  ■ ^''•5^)  2-34]  ♦ 42.00]  - partial] 
^max  „2 

where:  E = W*ni"*  (reduced  30%  due  to  clothing) 


Heat  Stress  Index  (Belding  and  Hatch) : 

HSI  » [(£,.„/£„,,)  • 100]  (unitless) 

T6<)  nldX 

Wet-Bulb  Globe  Temperature  Index:  (Sse  Text) 

WBGT  = [(0.1  T^j,)  ♦ (0.7  T^j^)  ♦ (0.2  T^)]  • (‘C) 


Physiological  Heat  Exposure  Limits  (Dasler) : (See  Text) 


PHEL  I ("A")  for  t MR  88.39  W-n'* 

WTO 

PHEL  1 = 741. 594-10®  WBGT'®*®®® 

where:  PHEL  in  hrs,  with  mins,  in  decimal;  PHEL  converted  to 
hrs:min  in  STEP-M2  Abbreviated. 

Laboratory  data:  N = 147,  r =»  -0.997,  t = 155.1063,  p<  0.0001 

Field  data:  N • 66,  r » -0.995,  t = 79.6997,  p<  0.0001 

PHEL  II  for  t MR  100.02  W-m** 
wm 

PHEL  11  = 592.561-10®  WBGT'®-®®® 

where:  PHEL  in  hrs.  with  mins,  in  decimal;  PHEL  converted  to 
hrs;mins  in  STEP-M2  Abbreviated. 

Laboratory  data:  N = 132,  r » -0.998,  t » 180.0070,  p< 0.0001 

Field  data:  N = 52,  r - -0.994,  t = 64.2589,  p<  0.0001 

PHEL  III  ("B")  for  t MR  111.65  W-m'* 

WB 

PHEL  III  - 487.461-10®  WBGT'®-®®* 

where:  PHEL  in  hrs.  and  mins,  in  decimal;  PHEL  converted  to 
hrs:mins  in  STEP-M2  Abbreviated. 


Laboratory  data:  N » 137,  r » -0.997,  t = 149.6623,  p<  0.0001 

Field  data:  N - 57,  r » -0.992,  t ■»  58.2778,  p<  0.0001 

PHEL  IV  for  t MR  123.28  H-m'® 
wn 

PHEL  IV  ■ 432.399-10®  HBGT'®-®^^ 

where:  PHEL  in  hrs.  and  mins,  in  decimal;  PHEL  converted  to 
hr$:mins  in  STEP-N2  Abbreviated. 

Laboratory  data:  N ■ 128,  r ■ -0.997,  t ■ 144.5875,  p<  0.0001 

Field  data:  N - 48,  r - -0.993,  t •>  57.0198,  p<  0.0001 
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PHEL  V for  t MR  134.91  W*m-* 
wm 

PHEL  V = 334.370-10®  WBCT'®- 373 

where:  PHEL  In  hrs.  and  mins,  in  decimal;  PHEL  converted  to 
hrs:nins  in  STEP'M2  Abbreviated. 

Laboratory  data:  N = 67,  r ■ -0.987,  t = 49.3516,  p<  0.0001 

Field  data:  N « 20,  r = -0.978,  t ■=  19.8907,  p<  0.0001 

PHEL  VI  (••€•')  for  t 146.54  W-m"2 
wn 

PHEL  VI  - 207.825-10® 

where;  PHEL  in  hrs.  and  mins,  in  decimal;  PHEL  converted  to 
hrs:fflins  in  STEP-M2  Abbreviated. 

Laboratory  data:  N » 46,  r = -0.989,  t » 44.3516,  p<  0,0001 

Field  data:  N - 12,  r = -0.975,  t = 13.8756,  p<  0.0001 


PHEL  .,.  for  t 
specific  V 


MR  range  88.39  - 146.54  W-m** 


PHEL^pec  ” [17.251-108  - (12.967-108  t^^  MR)  ♦ (18.611-103  t^  MR^))  WBCT'S-*®!* 

where:  l^^l-specific  Bins,  in  decimal;  PHEL  converted  to 

hrs:mins  In  STEP-M2  Abbreviated.  *’*l^*'speci£ic 
NBCT's  through  55  *C.  The  first  three  coefficients  of 
PHELjp^^££^^  were  derived  from  PHEL's  I - VI  above;  N » 6, 
r ■ 0.994,  t = 18.4887,  p<  0.0001.  Exponent  for  WBGT  based 
upon  N «<  6 with  SE  ±0.005. 


Estimated  Recovery  Times; 


Minimum  Recovery  Time 
where:  PHEL 


PHEL,.,,.  - 1.195 
Spec. 

prior  to  conversion  to  hrs:oins. 


specific 

Minimum  recovery  time  based  upon  a minimum  Relaxation  Allowance 
of  119.5%  (See  Footnote).  STEP-M2  converts  to  hrs:mlns. 


General  Recovery  Time 
where 


PHEL 


spec. 


1.994 


PHEL  ,,,  prior  to  conversion  to  hrs:mins. 
specific 

General  recovery  tine  based  upon  a general  Relaxation  Allowance 
of  199.4%  (See  Footnote).  STEP-M2  converts  to  hrs:mins. 


Maximum  Recovery  Time  ■ P**^^5pec  ’ 2.260 

where:  *^^*'sp«cific  conversion  to  hrs:nins. 

Maximum  recovery  tine  based  upon  a maximum  Relaxation  Allowance 
of  226.0%  (See  Footnote).  STEP-M2  converts  to  hrs:mins. 


Relaxation  Allowance  concept  from:  Curie,  R.  M.  MorR  Study.  Coppclark  Pub.,  Co.; 
Toronto,  Canada.  (Chapter  12,  pp.  156  - 164)  Reprinted  1969. 
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Cardiovascular  Factors  Without  Subjectively  Detectable  Levels  Of  Fuel  Combustion 
Cases  or  Pre-Combustion  Fuel  Vapors: 

Heart  Rate  (beats-min**) 

HR  « [48.15  ♦ (0.08  t MR)  ♦ (1.64  WBCT)] 

* Win 

N •=  277  r _ 0.4052  t « 7.3497  p<  0.0001 

X “ yx 

r - 0.6518  t » 14.2531  p<  0.0001 

y-xt 

r ° 0.6519  t • 14.2544  p<  0.0001 

x-xy 

Systolic  Blood  Pressure  (nia  Hg) 

SP  - (125.67  ♦ (0.06  t^  MR)  — (0.08  KBGT)) 


N - 277 

r ■ 0.5741 

x-yz 

t - 11.6279 

p<  0.0001 

r - 0.S627 

y*x2 

t - 11.2876 

p<  0.0001 

r - 0.1526 

2*xy 

t • 2.5610 

p<  0.012 

Diastolic  Blood  Pressure 

(mn  Hg) 

DP  - [107.88  - (0.01  t^  MR)  - (1.29  WSCT)1 

N - 277 

^.yx  - ° 

t 10.1349 

p<  0.0001 

Vxx  - 

t = 17.1839 

p<  0.0001 

r • 0.6506 

x*xy 

t « 14.2607 

p<  0.0001 

Mean  Arterial  Pressure 

(no  Hg) 

HAP  - [109.669  ♦ 

(0.022  t HR)  - 

ww 

(0.765  WBGT)] 

N - 277 

r - 0.4862 

x.yz 

t - 9.2265 

p<  0.0001 

r - 0,6079 

y«x2 

t - 12.6957 

p<  0.0001 

r - 0.4445 

i*xy 

t - 8.2293 

p<  0.0001 

Subscripts  of  Multiple  correlation  coefficients  (r's)  apply  as  follows:  * ■ 
y ■ HBGT,  and  I ■ cardiovascular  factor. 

Breakdown  of  sets  of  observations  as  follows:  t^  MR  50.01  W*m  ^ (N  ■ 99), 
t^  HR  88.39  W.m-2  (N  - 45),  MR  111.65  H-*-*  (N  - 52),  and  t^  MR  146.54  W-m**  (H 
81);  WBGT's  obtained  as  during  the  deteraine  t^  MR's.  Total  N ■ 277  per 
cardiovascular  factor,  t MR  and  WBGT. 
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Estiwated  Cardiac  Output  (liters*«in'*)  (See  Text  regarding  evidence  of  conservative 

estinates  by  the  technique  utilized) 

CO  • (-2.608  - (0.001  t MR)  - (0.76S  W:<CT)J 


N - 277 

'x.yz  - 

t » 10.^S76 

p<  0.0001 

ry.„  . 0.8186 

t - 23.6327 

p<  0.0001 

'r-xy  - ® 

t - 20.9612 

p<  0.0001 

Estiaated  Cardiovascular 

Reserve  (%)  (See  Text) 

1 CVR  - (170.978  - 

(0.242  t^  NR)  - 

(2.843  WBCT)] 

i H - 277 

'*.yx  “ ® «29 

t - 13.2333 

p<  0.0001 

! 

'y.xa  - 

t - 21.2174 

p<  0.0001 

'x.xy  - ^ 

t - 24.7231 

p<  0.0001 

Supplewentary  Sectlow  Of  STEP-M2  Abizreviated : 

Maxi«^—  AilowabU  Exposure  Tit  Without  Hecring  Frotection  • »ased  Upon  Koise  Level 
‘ ' A - 105.00)/-7.21)J 


where:  db 


se  level  on  ’’slow’’  A scale 


Note:  The  above  equal  VM'  •l^^rmspos  it  ion  of  a logarithmic  curve 
fit  with  r > 1.00007tlie*lQ(MaiNiNi^ay  also  be  written  as 
an  exponential  curve  fit  (with  r ■ l.bOOO]  (g^^^l^fol lowing 


2097151.954  e 


.0.138629  db  A 


• Froa  data  provided  in:  Control  of  Noise  (12),  Anerican 

Foimdryinao's  Society.  3rd  Ed.,  1972. 

Bureau  of  Medicine  and  Surgery,  Navy 
Dapartaent,  BUMED  Instruction  6260. 6B, 
5 March  1970. 

Data  froa  thate  aources  were  subjected  to  the  least  squares 
faaily  of  rograssion  curves  to  provide  the  above  equations. 
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STEP-M2  Abbreviated  Program  For  Hewlett-Packard  Calculator  (HP-97)* 

(Total  running  time,  including  inputs  and  all  prints,  averages  1 min.  S6  sec.) 

Inputs: 

(UL  A);  (LBL  B or  R/S) ; (LBL  C or  R/S);  V (LBL  D or  R/S) ; t^  MR  (LBL  E or 
R/S).  must  be  entered  using  key  "A”;  V-  ■'g'  '■  and  t^  MR  may  be  entered  by  using 

the  designated  key  or  by  use  of  R/S  key.  Using  the  user  defined  key  permits  altering 
the  sequence  of  entries;  however,  STEP-M2  starts  running  immediately  after  entering 

Grouped  Order  of  Printing:  (each  group  separated  by  a space) 

W *»  “1  <""1  'V  I'i  Cl  W 

[NBGT}  (Minimum  Recovery  Tine;  General  Recovery  Time;  Maxioum  Recovery 

Time]  (PHEL  I;  PHEL  II;  PHEL  III;  PHEL  IV;  fUEL  V;  PHEL  VI)  (HSl]  (T^^;  T^^]  (HR;  SP; 

DP;  MAP;  CO;  CVR]  (T^j^;  T^^;  T^;  V;  t^  MR  are  repeated  at  the  end  as  a means  of 
rechecking  and/or  permitting  comparisons] 

Supplamentary  Portion  of  STEP-M2  for 

Two  options  exist  for  calculating  (1)  After  STEP-M2  has  run  as  given  above, 

input  db  A using  key  "A"  and  will  be  printed  in  hrs:mins  provided  the  program 

from  Card  t4  is  still  in  the  HP -97;  or,  (2)  Insert  Card  t4  (both  sides)  and  input  db  A 
using  key  "A”  to  got  printed. 
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* (from  title)  STXP-IQ  Abbrerviatod  provides  68%  of  the  full  STEP-2  Program.  The 
program  aa  glvom  fcotein  pormits  autoloading  of  Sides  *1  of  Cards  >2  - 84;  When  Sides  12 
of  Cards  *2  - 84  are  amterod  the  program  restarts  automatically,  should  and  ERROR 
display  occur  roontor  Sides  ri  and  12  of  that  Card  and  press  key  R/S  to  continue 
program.  All  factors  printod  in  units  of  time  are  printed  as  hrs.nins,  the  decimal 
point  servos  as  a colon  (:);  o.g. , 3.SS  in  units  of  time  is  3:55  as  Krstnins. 


STEP-M2  Abbreviated  Pro^rsn 
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